The tau mutation in the golden (Syrian) hamster is a single gene mutation that drastically affects the speed of the circadian clock, in such a way that homozygous mutants have an endogenous circadian period of 20 h (compared with 24 h for wild-type hamsters). While studying the circadian system of tau-mutant hamsters during the past 25 years, several authors have noted an apparent relationship between circadian period and body size in these animals. This study, based on 181 hamsters from 24 litters, confirmed previous observations that a shorter circadian period is associated with smaller body size, documented a sex difference in this association, and evaluated several mechanisms that might explain the phenomenon (such as different organ sizes, body composition, and metabolic rate). The obtained evidence suggests that the reduced body size of short-period hamsters is likely a pleiotropic effect of the tau allele (an allele of the casein kinase 1 epsilon gene) rather than a consequence of the shortened circadian period.
Introduction
The tau mutation in the golden (Syrian) hamster was the first genetic mutation that affects the circadian system to be described in a mammalian species (Ralph and Menaker 1988) . The tau mutation is a single-gene mutation with a single-mutant allele, tau. The tau allele is an allele of the casein kinase 1 epsilon (CK1) gene (Lowrey et al. 2000) , which codes for a kinase used for the phosphorylation of CLOCK proteins (Lee et al. 2009 (Lee et al. , 2011 . While wild-type hamsters (+/+) have a circadian period very close to 24 h, heterozygous mutants (tau/+) have a period of 22 h, and homozygotes (tau/tau) have a period of 20 h (Ralph and Menaker 1988; Menaker and Refinetti 1992) . The progeny of heterozygous parents exhibits the phenotypic distribution expected of a semi-dominant allele.
A notable feature of the tau mutation is that it shortens the circadian cycle proportionally, so that tau/tau hamsters display rhythms indistinguishable from those of +/+ hamsters if the rhythms are plotted on time scales proportional to circadian period. The proportional shortening of the cycle has been documented for the locomotor activity rhythm (Refinetti and Menaker 1997; Osiel et al. 1998) , the body temperature rhythm (Refinetti and Menaker 1992b) , the feeding rhythm (Oklejewicz et al. 2001b ), rhythms of hormone secretion (Tosini and Menaker 1996, Lucas et al. 1999) , and the circadian modulation of the reproductive system's photoperiodic response (Shimomura et al. 1997; Loudon et al. 1998) . Importantly, the tau mutation has been shown not to disrupt a number of other processes of biological timing, such as the frequency of the cardiac pacemaker (Refinetti and Menaker 1993) , the duration of the estrous cycle (Refinetti and Menaker 1992a) , or the duration of hibernation bouts (Oklejewicz et al. 2001a) , although it does seem to lengthen the ultradian period of hormone pulsatile secretion (Loudon et al. 1994) .
Researchers investigating the circadian system of tau-mutant hamsters have often noted an apparently unrelated effect of the tau mutation, namely, a smaller body size in homozygous mutants (Scarbrough and Turek 1996; Loudon et al. 1998; Lucas et al. 2000; Oklejewicz and Daan 2002) . This additional effect of the mutation might be the result of pleiotropic action of the CK1 gene or a consequence of the shortened circadian period, which would imply the existence of a fundamental connection between the circadian system and body growth (Oklejewicz et al. 2001c) . The purpose of this study was to confirm the association between circadian period and body size in tau-mutant hamsters and to investigate mechanisms that could account for it.
Materials and methods

Animals
Golden hamsters (Mesocricetus auratus) were obtained from a colony maintained in the laboratory. The colony was established in 2004, when 2 male mutants (tau/tau) were obtained from Dr. Michael Menaker's colony at the University of Virginia and were bred with wild-type females (+/+) obtained from Charles River Laboratories (Wilmington, Massachusetts, USA). The colony has been maintained by crossings of heterozygous parents (tau/+), resulting in litters with all 3 phenotypes in the ratio of 1:2:1. Mating of closely-related animals is avoided, and the colony is "refreshed" every 2 years by the crossing of homozygous males (tau/tau) with wild-type females (+/+) obtained from Charles River Laboratories to produce new heterozygous breeders.
The animals used in this study (and all other animals in the colony) were cared for in accordance with the Guide for the Care and Use of Laboratory Animals (NAC 2011). The protocols for care and use of the animals were reviewed and approved by the institutional animal care review committee at the University of South Carolina.
Procedures
Overview
Hamsters from a total of 24 litters were used in the study, although not all animals were included in every procedure. The exact number of hamsters used in each procedure is given below. Procedures included breeding, behavioral phenotyping, genotyping, measurement of body mass, measurement or mass of select organs, determination of body fat content, and measurement of basal metabolic rate.
Animal husbandry and breeding
All animals were either group-housed (separated by sex after weaning at 21 days of age) or housed individually in polypropylene cages (24 cm × 36 cm × 19 cm) lined with wood shavings, and fed Purina rodent chow (Lab Diet 5001) and water ad libitum. To minimize disturbance of the circadian rhythms of individually housed hamsters, fresh cage bedding was added in 2 week intervals, and cages were replaced once a month. When the animals were in darkness, maintenance and sanitation procedures were conducted under dim red light (<1 lux).
The animal cages were maintained in individual light-tight, ventilated chambers at 24 ± 2°C. Lighting conditions in each chamber were controlled by a programmable electronic timer (ChronTrol XT, ChronTrol Corp., San Diego, California, USA) that activated white fluorescent bulbs (General Electric F4T5CW) generating an illuminance of approximately 360 lux (range: 340-390 lux across chambers), as measured 8 cm above the cage floor.
Breeding of heterozygous parents was conducted as needed to generate sufficient animals for the study. 
Phenotyping and genotyping
Because the 3 phenotypes are clearly distinguishable in their records of locomotor activity, phenotyping was conducted by analysis of the running-wheel activity of adult hamsters (2-7 months old, depending on the protocol) kept in constant darkness (DD) for 2 or more weeks. For the monitoring of locomotor activity, a metallic running wheel (18 cm diameter) was attached to each animal cage. Magnetic switches attached to the running wheels were connected to data acquisition boards (Digital Input Card AR-B2001, Acrosser Technology, Taiwan). The data acquisition boards were connected to computers that recorded the number of wheel revolutions in 6 min bins (i.e., 0.1 h intervals). Determinations of free-running period were conducted by the 2 periodogram procedure (Sokolove and Bushell 1978) . In all, 181 hamsters from 24 litters were phenotyped.
To ensure that the phenotypes corresponded to the expected genotypes, genotyping of the CK1 gene (Csnk1e) was conducted for a sample of the animals by a commercial laboratory (Transnetyx Inc., Memphis, Tennessee, USA; www.transnetyx.com). Samples for genotyping were collected from 17 animals, with several replicates from each animal. After the behavioral/physiological data collection was finished, ear punches were collected, placed in well plates, and shipped to Transnetyx via express courier, where the tissue was genotyped by PCR analysis.
Determination of body mass and organ mass
Body mass was measured with 0.1 g resolution in an Ohaus Scout Pro balance (Ohaus Corp., Pine Brook, New Jersey, USA). Given that the phenotypes cannot be determined until the animals are 2 months old, we tagged newborns so that we could weigh them as they matured, and then retroactively identified the phenotypes. Newborns were tattooed in their paws by the injection of a small volume of India ink (0.05 mL) subcutaneously. Animals from 8 litters were tagged in this manner. They were weighed at intervals of one week initially, and less frequently as adults.
The size (mass) of internal organs was determined for 72 hamsters from 14 litters. After the measurements of whole-animal mass and behavioral phenotyping had been completed, the animals were euthanized by CO 2 inhalation, and large incisions were made through the abdomen and thorax. The liver, heart, and both kidneys were removed, trimmed of fat and blood vessels, and dried in paper towel. The heart was compressed, washed, and dried again. The organs were then individually weighed with 0.1 g resolution in the Ohaus balance.
Determination of body fat content
Body fat content was determined by hydrostatic weighing following the procedure and equations described by Rathbun and Pace (1945) for 27 hamsters from 6 litters. Briefly, the animals were euthanized by CO 2 inhalation, and body hair was shaved with electric clippers. The visceral organs were removed through an incision in the abdomen and thorax and then discarded, and the body cavity was dried with paper towel. The carcass was then placed on a custom-made metal frame and was weighed in air and in water with 0.1 g resolution using a First Class Pro suspension balance (US Balance, Vincennes, Indiana, USA). The density of the body can be calculated as the mass in air divided by the difference between the mass in air and the mass in water. Percent body mass can then be calculated based on the known densities of fat and non-fat tissues (Rathbun and Pace 1945) . The liver, heart, and kidneys of the animals used in this procedure were included in the determination of organ sizes (as described in the preceding paragraph).
Measurement of metabolic rate
Metabolic rate was assessed by indirect calorimetry in hamsters individually housed in a 4 L plastic chamber lined with wood shavings. Air was passed through the chamber at the rate of 4 L/min, dried in desiccant columns (Drierite; W.A. Hammond Co., Xenia, Ohio, USA), and fed into an oxygen analyzer (Flow-Through Oxygen Sensor S102; Qubit Systems, Kingston, Canada). To avoid drifts in the calibration of the oxygen analyzer over time, the analyzer was re-calibrated every 6-min with room air (20.9% oxygen) bypassing the chamber by the action of solenoid valves controlled by the data acquisition computer. Metabolic heat production was calculated from the values of oxygen consumption (STPD) using a caloric equivalent of 20.3 J/mL (Schmidt-Nielsen 1997) and recorded in 6 min bins.
Twelve wild-type hamsters (+/+) and 12 homozygous mutants (tau/tau) were used. The animals were housed under L-D 14:10 or L-D 11.7:8.3 h, respectively, for at least 2 weeks before being transferred to the metabolic chamber for 24 h (under the same L-D cycle). For each animal, the experimental session started in the middle of the dark phase of the L-D cycle (when the animals are active) and lasted through the end of the light phase and beginning of the next dark phase. Food and water were freely available in the metabolic chamber, but, because hamsters (like other nocturnal rodents) spontaneously abstain from eating during most of the light phase, it was possible to estimate post-absorptive basal metabolic rate (BMR) by computing metabolic rate during the 2 consecutive hours of lowest oxygen consumption during the light phase of the L-D cycle.
Statistical analyses
The significance of differences between group means was tested by Student's t test or analysis of variance (ANOVA) followed by Fisher's LSD post-hoc pairwise comparisons (Kirk 1995) . Correlation coefficients for various parameters were computed by the principle of least squares (Hays 1988) . Significance tests for differences in distributions of events were conducted by binomial and 2 tests (Hays 1988) . The statistical significance of computed circadian periods was determined by reference to the 2 distribution, as prescribed by Sokolove and Bushell (1978) .
Results
As expected, the 3 phenotypes were clearly distinguishable by inspection of the records of running-wheel activity of the adult animals. Three representative records are shown in Fig. 1 . Wildtype hamsters (+/+) ran in the wheels during one-third of each day, and 5 clear peaks of activity are seen in 5 days. Heterozygotes (tau/+) had a shorter circadian period, so that 5.5 activity peaks are seen in 5 days. Homozygous mutants (tau/tau) had an even shorter circadian period, so that 6 full cycles are seen in 5 days.
The distribution of free-running periods, as computed by the 2 periodogram procedure for 146 adult hamsters raised under a 24 h L-D cycle, is shown in Fig. 2 . The 3 phenotypes are clearly distinct, and genotyping of 17 hamsters, with duplicates, confirmed the presence or absence of the tau mutation in all cases. Out of the 146 hamsters, 42 exhibited 20 h periodicity, 74 exhibited 22 h periodicity, and 30 exhibited 24 h periodicity. The proportions of the 3 phenotypes are significantly different from 1:1:1 ( 2 [2] = 21.184, p < 0.001) and not significantly different from the expected 1:2:1 ( 2 [2] = 2.000, p = 0.367). The mean (±SEM) free-running periods were 20.34 ± 0.07, 22.54 ± 0.05, and 24.01 ± 0.03 h. There were more females (81) than males (65), but the difference was not greater than expected by chance (Binomial test, p = 0.107).
Growth
Mean growth curves for hamsters from 8 litters (retroactively phenotyped) are shown in Fig. 3 (separately for males and females). The animals grew from approximately 11 g one-week after birth, to an asymptotic level around 130 g by the 26th week of life, with a differentiation of phenotypes noticeable by the 10th week of life (perhaps a little earlier in males). Repeated-measures ANOVAs for the 3 phenotypes combined indicated significant effects of time on body mass for both males (F [10, 130] = 302.811, p < 0.001) and females (F [10, 300] = 423.326, p < 0.001).
For a detailed comparison of phenotypes and sexes, the adult body masses for these 8 litters plus 6 other litters, for a total of 32 males and 39 females, were measured at 7 months (30 weeks) of age. The mean results are shown in the top row of Fig. 4 . There was a significant effect of phenotype (F [2, 65] = 5.904, p = 0.004), with mutants being smaller than the wild types. Although there was not an effect of sex per se (F [1, 65] = 2.133, p = 0.149), there was a significant interaction between phenotype and sex (F [2, 65] = 4.843, p = 0.011). This interaction effect indicates that the body size of males is much more dependent on phenotype than is the body size of females. As a matter of fact, pairwise comparisons by Fisher's LSD test showed no significant differences between phenotypes in females (p > 0.10), whereas homozygous males were 20% smaller than wild types (p < 0.02).
Not shown in Fig. 4 are the results from the 5 litters that were raised under a 20 h (rather than 24 h) L-D cycle. As described previously, the phenotype of tau/+ hamsters raised under a 20 h LD cycle is not clearly distinguishable from that of tau/tau hamsters (Refinetti 1998) , so that data from these 2 genotypes were combined. Mutant males were smaller than wild-type males (127.9 ± 6.6 g vs. 141.9 ± 3.8 g), and ANOVA indicated a significant effect of phenotype (mutant vs. wild type) on body mass (F [1,31] = 4.932, Fig. 1 . Representative records of the running-wheel activity of hamsters of each of 3 phenotypes kept in constant darkness. Differences in circadian period can be inferred from the differences in spacing between the peaks of activity over successive days. 
Body composition
Also shown in Fig. 4 (second row) are the means for body fat as a percentage of total body mass. Males had consistently more fat than females (F [1, 20] = 9.963, p = 0.005), but there was no significant effect of phenotype (F [2, 20] = 2.140, p = 0.144) or of the interaction between sex and phenotype (F [2, 20] = 0.867, p = 0.435). In contrast, males had consistently smaller livers (as a percentage of total body mass) than females (F [1, 66] = 11.910, p = 0.001), and there was again no significant effect of phenotype (F [2, 66] = 0.001, p = 0.999) or of the interaction (F [2, 66] = 0.253, p = 0.777). Similar results were obtained for heart and kidneys (fourth and fifth rows in Fig. 4 , respectively), except for a marginally significant interaction effect for the heart (F [2, 66] = 3.129, p = 0.050), which suggests that mutant males (both homozygous and heterozygous) might have smaller hearts (as a percentage of body size) than wild-type males (and females regardless of phenotype).
Metabolic rate
The records of energy expenditure of a homozygous mutant are shown in Fig. 5 . Energy expenditure was high after the animal was placed in the metabolic chamber, and remained elevated until the end of the dark phase of the L-D cycle. The 2 h interval with lowest energy expenditure (BMR) occurred in the middle of the light phase. For this particular hamster, energy expenditure rose again a few hours after the beginning of the next dark phase.
Energy expenditure (BMR) as a function of body size is plotted in Fig. 6 for the 12 wild-type hamsters and 12 homozygous mutants. Because mutants and wild types of comparable body size were intentionally selected, the mutants (103.3 ± 5.3 g) were not significantly smaller than the wild types (114.8 ± 4.6 g) (t [22] = 1.631, p = 0.114). Within this narrow range of body masses, energy expenditure was linearly related to body mass for both phenotypes (r = 0.846, p = 0.001 for tau/tau; r = 0.812, p = 0.002 for +/+). The slope for homozygous mutants (b = 0.010 W/g) was slightly smaller than the slope for wild types (b = 0.013 W/g), but the difference was not statistically significant (t [20] = 0.685, p = 0.508). The mean (±SEM) energy expenditure for the mutants (1.36 ± 0.06 W) was not significantly different from the mean energy expenditure for the wild types (1.42 ± 0.08 W) (t [22] = 0.704, p = 0.504).
Body size and circadian period
Because body size was found to be related to circadian period according to phenotype (as described above), the data were analyzed in an attempt to identify a more general relationship between body size and circadian period. Data on the circadian period and body mass of 32 male hamsters and 40 female hamsters are shown in Fig. 7 . Although the differences in body mass among the 3 phenotypes is clear, there is no significant correlation between body mass and circadian period within each phenotype (p = 0.525 or higher).
Discussion
The results of this study confirmed previous observations that homozygous mutants (tau/tau) are approximately 20% smaller than wild types (+/+) (Scarbrough and Turek 1996; Loudon et al. 1998; Lucas et al. 2000; Oklejewicz and Daan 2002) . The results also confirmed that the differentiation in body sizes can be observed starting at 5-8 weeks of life (Lucas et al. 2000; Oklejewicz et al. 2001c) . First documented here is the finding that the reduced body size is mostly restricted to males, at least for litters raised under a 24 h L-D cycle (Figs. 3 and 4) . Only 5 litters were raised under a 20 h L-D cycle, which limited the statistical power for detection of an interaction effect for phenotype and sex, but male mutant hamsters had the smallest body sizes under this condition as well. Martino et al. (2008) noted many anatomical and physiological differences between heterozygous mutants raised under a 24 h L-D cycle and a 22 h L-D cycle, but they did not find the mean body masses of the 2 groups to be significantly different, which is consistent with the current findings.
A natural question arising from the observation of smaller body size in hamsters carrying the tau allele -which is a gain-offunction allele of the CK1 gene that speeds up the circadian clock (Meng et al. 2008 ) -is whether the smaller body size is a consequence of the acceleration of the clock or is an unrelated secondary effect of the mutation. The acceleration of the circadian clock in tau mutants had been previously associated with Pagination not final (cite DOI) / Pagination provisoire (citer le DOI) greatly enhanced photic responsiveness of the clock, as revealed by larger phase shifts induced by appropriately-timed light pulses (Shimomura and Menaker 1994; Grosse et al. 1995; Agostino et al. 2009 ). However, these 2 properties (short period and enhanced photic responsiveness) are clearly related, and the latter can theoretically be explained by the former (Menaker and Refinetti 1992; Refinetti 1993) . The association with reduced body mass is more puzzling, and may or may not be analogous to previously described cases of non-circadian effects of clock genes, such as obesity in Clock-mutant mice (Turek et al. 2005 ) and progressive joint disease in Bmal1-knockout mice (McDearmon et al. 2006) .
Comparison of organ sizes in hamsters with 2 tau alleles (tau/ tau), 1 tau allele (tau/+), or no tau alleles (+/+) in this study did not reveal any clear-cut phenotypic differences. That is, smaller animals had proportionally smaller livers, hearts, and kidneys regardless of phenotype (Fig. 4) . Martino et al. (2008) found larger hearts in heterozygous mutants than in wild-type hamsters, but their study was conducted in aged hamsters maintained under conditions believed to induce cardiomyopathy and consequent hypertrophy of the heart in the heterozygous animals.
Comparison of body fat content in this study failed to differentiate hamsters carrying different numbers of the tau allele. The calculated values of percent body mass (about 30% fat) were generally on the high end of the distribution of percent body mass previously reported for Syrian hamsters (10% to 30%) (Borer 1974; Meisel et al. 1990; Schneider et al. 2000 , Solomon et al. 2007 ), but the measuring procedure was sensitive enough to detect sex differences (more fat in males than in females), and it is reasonable to expect that it would have detected phenotypic differences if they existed. Higher percent body fat in males than in females has been previously reported for European hamsters (Siutz et al. 2012) .
Another peculiarity of the anatomy and physiology of mutant hamsters that could account for the reduction in body mass would be an elevated basal metabolic rate, as higher energy expenditure without elevated food intake would produce a reduction in energy storage. The results of this study did not, however, provide evidence of elevated energy expenditure in homozygous mutants (Fig. 6 ). Although one previous study did produce results that were interpreted as evidence of higher energy expenditure in tau/tau hamsters (Oklejewicz et al. 1997) , 4 other studies involving either direct (Refinetti and Menaker 1997; Refinetti 2007) or indirect (Scarbrough and Turek 1996; Osiel et al. 1998 ) measures of energy expenditure revealed no difference in energy expenditure between wild type and tau-mutant hamsters, which is in agreement with the results of this study. It should be noted that differences in energy expenditure needed to explain a 20% difference in body mass could be extremely small (and, therefore, undetectable) when spread out over the lifetime of a hamster.
Finally, if reduced body mass were a consequence of shortened circadian period, rather than a parallel effect of the CK1 mutation, then one would expect a broad relationship between circadian period and body mass. Yet, this study did not reveal a direct connection between body mass and circadian period within phenotypes. The 3 phenotypes differed from each other in body mass, but circadian period was unrelated to body mass within each phenotype (Fig. 7) . This lack of relationship between circadian period and body mass suggests that reduced body size in taumutant hamsters is likely a pleiotropic effect of the CK1 gene rather than a consequence of the shortened circadian period. This conclusion is reinforced by the fact that the reduced body size of tau-mutant hamsters was mostly restricted to males (Fig. 4) , whereas a direct effect of shorter circadian period on body size would apply equally to the two sexes.
In a recent review of the literature on non-circadian effects of mutations in clock genes, Rosenwasser (2010) warned that presumed pleiotropic clock gene effects may in fact be indirect products of disruption of cellular and systemic rhythmicity. In the case of reduced body size in tau-mutant hamsters, however, the results of this study are consistent with the assumption of a pleiotropic effect of the CK1 gene. Why this pleiotropic effect should be sex-linked (in such a way that reduced body size is more accentuated in males) is not immediately evident, but elucidation of this peculiarity may facilitate understanding of the role of CK1 in the control of body growth.
